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Abstract 
Heavy oil production by CO2 gas foaming has been simulated with a function of depressurization pressure. The numerical 
simulation was carried out by using CMG-STARS
TM
 and based on experimental physical properties of foamy oil such as foam 
swelling and apparent viscosity. The matching between the numerical simulations of heavy oil drainage and experimental 
measurements of foaming in Berea sandstone cores (Psat = 10 MPa at 50 ºC) shows 31% of oil recovery after depressurization to 
atmospheric pressure. The behavior of heavy oil production and production scheme were proposed with assuming the CO2 gas 
dissolution zone. The effect of initial oil saturation and CO2 dissolution zone are the controlling factors of heavy oil production. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The environmental problem of global warning is caused by green house gases in which CO2 emission has the major 
contribution. The environmental projects such as CO2 Capture and Storage (CCS) or CO2 Capture, Utilization, and 
Storage (CCUS) have been carried out by injecting CO2 into geological reservoirs. Currently, CCUS has received 
more attention than CCS since the advantages of CCUS are either environmental benefits or revenues. One of CCUSs 
is to inject CO2 into hydrocarbon reservoirs for enhanced oil recovery (EOR), especially heavy or extra-heavy oil 
reservoirs. The enhanced oil recovery (EOR) methods are required for heavy oil reservoirs unlike conventional oil 
reservoirs. The function of those methods is to mobilize the residual heavy oil in the immobilized zones where the 
primary production could not reach. The special properties of CO2 such as high solubility of CO2 in  
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Nomenclature 
H reservoir thickness (m) 
P  depressurizing pressure (MPa) 
Pd pressure drop, Psat – P (MPa) 
Pmin minimum pressure in reservoir after depressurizing 
Psat saturated pressure (MPa) 
R effective radius of CO2 dissolution zone (m) 
SWfoam foam swelling ratio (-) 
T absolute temperature (K) 
Tsat saturated temperature (K) 
μ viscosity (cP) 
μsat viscosity at saturated condition (cP) 
heavy oil and relatively slow desorbing process meet the requirements foaming techniques which is one of the cold 
production methods.  
Recently, foamy oil has been received attention to study for EOR since it is complicated but has significant physical 
properties such as swelling and viscosity. The EOR by CO2 foaming with using huff-and-puff process has been applied 
either light oil [1, 2] or heavy oil [3, 4]. The procedure of huff-and-puff method is the repeating of injection and 
production which is called pressurization and depressurization or carbonation and liberation [4]. 
The typical oil recovery factor by foamy oil method is varied from 10 to 35% based on the previous studies. Chen 
and Maini [5] reported the oil recovery factor is 13% with depressurization rate of 0.28 kPa/min and it increases twice 
with increasing depressurization to 2.25 kPa/min. In the field model, Bayon et al. [6] reported the oil recovery factor 
was in range from 25 to 35% with depressurization rate from 80 to 800 kPa/day. Other researchers have studied foamy 
solution gas drives and concluded the oil recovery is in range 5 to 25% [7] and higher than 10% [8]. 
The objective of this study is to simulate the behavior of heavy oil production by CO2 gas foaming with huff-and-
puff process by using a simulator, CMG-STARS. The foaming mechanism was modeled by using kinetic equations 
by which the physical properties of foamy oils such as apparent viscosity and density were based on experimental 
measurements.  
2. Experiment 
2.1. Sample 
The specifications of samples used for present study are described as the following: 
• Heavy oil: the specific gravity, API and viscosity are 0.9725 @50 ºC, 13.06 and 172 cP @50 ºC. 
• Core sample: two cores of Berea sandstones named C1 and C2 of 38.1 and 24.6 mm in diameter and 70.1 and 
48.3 mm in length, respectively. The porosity and permeability cores are 18% and 500 mD for C1 and 22% and 
500 mD for C2. 
• Carbon dioxide (CO2): 99.9% of purity. 
2.2. Heavy oil drainage by CO2 foaming 
The core samples of Berea sandstone saturated by heavy oil were place in a high pressure cell apparatus in which 
the CO2 gas pressure was applied. The cell was circulated by hot water to maintain temperature of 50 °C that is the 
temperature which the heavy crude oil was sampled from the reservoir. Figure 1, a) shows the core samples of C1 and 
C2 were placed in high pressure cell and CO2 gas pressure was applied 10 MPa with maintaining temperature of 50 
°C. The pressure in cell was decreased since the CO2 gas dissolved in heavy oil in core sample samples. 
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Experiments of foamy oil generated from saturated pressure to atmospheric pressure were investigated. Figure 1, 
b) shows the micro-bubbles in foamy oil after depressurizing from saturated pressure (Psat = 9.9 MPa) to the 
atmospheric pressure at temperature of 50 °C.  
 
 
 
a). Heavy oil in core sample under CO2 
gas pressure in high pressure cell of 
Psat = 9.97 MPa at 50 °C 
b). CO2 micro-bubbles of foamy oil in atmospheric pressure 
generated from saturated pressure of 9.9 MPa at 50 °C 
 
Figure 1 Experimental of oil foaming from core sample and micro-bubble in foamy oil, a). heavy oil in core sample under CO
2
 gas pressure in 
high pressure cell of P
sat
 = 9.97 MPa at 50 °C, b). CO
2
 micro-bubbles of foamy oil in atmospheric pressure generated from saturated pressure of 
9.9 MPa at 50 °C 
Masses of core samples before and after drainage indicated the oil recovery factor of C1 and C2 are 29.9% and 
31.6% (Table 1), respectively. These results are lower than expectation predicted by foam swelling since the expected 
oil recovery factor was predicted based on the complete solubility in PVT experiments. The solubility in PVT 
experiments shows the ideal solubility because there is a large contact surface of gas-oil and that solubility was assisted 
by dynamic magnet for shacking oil. In contrast, the solubility in the core sample is not completely saturated, so-called 
incomplete solubility, because contact-surface of gas-oil is in the narrow pore throats of reservoir rock and the oil in 
the pore is static during dissolution process.  
     Table 1. Heavy oil recovery factor from core sample 
 Unit Core C1 Core C2 
Core diameter mm 38.1 24.6 
Core length mm 70.1 48.3 
Bulk volume cm
3
 79.9 23.1 
Porosity  0.18 0.22 
Mass core with saturated oil g 186.5 51.8 
Mass core after foaming g 182.2 50.2 
Oil recovery factor % 29.9 31.6 
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3. Numerical simulation 
3.1. About CMG-STARS 
Foam modeling can be made by several property options in CMG-STARS with a basic concept that foam is treated 
as an oil with specific weight and viscosity. A commercial numerical simulator STARS, developed by Computer 
Modeling Group (CMG), is available either Cartesian or radial (cylindrical) grid type for laboratory and field scales. 
2D and 3D results can be displayed by attached software. Foam creation in this study is expressed by coexistence of 
CO2 gas and heavy oil. The dissolved CO2 gas in heavy crude oil at saturated pressure is the foaming agent and it 
works when the reservoir pressure decreased. 
3.2. Modeling of apparent foamy viscosity 
The apparent viscosity of foamy oil is principally based on depressurizing pressure. The procedure of foamy oil 
generation and measurement of its apparent viscosity were detailed by Or et al., [9].However, the effect of temperature 
of foamy oil viscosity was also considered since the depressurizing pressure creates adiabatic temperature. As 
combination of depressurizing pressure and temperature effects, a numerical modeling of apparent foamy viscosity 
can be created. The viscosity ratio, apparent foam viscosity µ over saturated viscosity µsat, can be simulated as a 
function of depressurization ratio (P/Psat) and temperature (Tsat – T) that can expressed as: 
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3.3. Modeling of foaming mechanism 
Foaming mechanism in the numerical modeling was carried out by depressurizing from saturated pressure with  
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Figure 2 Concept of foamy oil mechanism in numerical simulation 
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concerning discrete pressures. With discrete depressurizing pressure step by step from Psat to minimum reservoir 
pressure (Pmin), the complete solubility, HO(4) generates 4 kinds of foamy oils FO(1), FO(2), FO(3), and FO(4); but 
the incomplete solubility HO(3) generates last 3 kinds of foamy oils as FO(2), FO(3), and FO(4).  
The compete solubility is referred to the complete dissolution of CO2 gas in heavy oil in PVT experiment since the 
large contact surface of oil-gas and dynamic vibration of oil in PVT cylinder proved a condition that CO2 can 
completely dissolve into the oil. However, it is different with the solubility procedure in porous which have small 
contact surface and static dissolution. Therefore, it is called incomplete solubility in porous media. In this study, the 
incomplete solubility in porous media is 60% of complete solubility in PVT experiment. 
3.4. Kinetic equation 
At each transitions of pressure drops, foamy oils were converted from HO(4) until FO(4), in which the physical 
properties were concerned such as apparent density, apparent viscosity and apparent foam swelling. The transitions 
between saturated oil to four kinds of foamy oils were made by initiative pseudo chemical-reactions. Due to the 
incomplete solubility, the first reaction at high pressure is absent. Therefore, the last three kinetic equations for 
generating foamy oil in porous media of reservoir are presented in Table 2. 
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Figure 3 Schematic foamy oil generation from incomplete solubility in porous media 
 
     Table 2. Kinetic equations of foaming reaction 
Reaction No. Reaction 
Reaction 1 No reaction 
Reaction 2 HO(3)  0.065CO
2
 + FO(2) 
Reaction 3 FO(2)  0.045CO
2
 + FO(3) 
Reaction 4 FO(3)  0.032CO
2
 + FO(4) 
 
4. Numerical simulation results 
4.1. Experimental matching 
The numerical simulation result of foamy oil from a core sample in laboratory scale which was matched with the 
experiment and experimental foamy oil drainage from core sample are shown in Figure 4. The last Foamy oil FO(4) 
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was generated from saturated oil HO(3) with the condition of Psat = 10 MPa and Pd = 9.9 MPa at temperature of 50 
ºC. After 18 min after depressurization, HO(3) completely changes to FO(4) with indicating oil mole fraction of FO(4). 
It was observed that the foamy oil flows from inside to surface of core and moves down due to gravitational force. 
The arrows show the model foamy oil mobilizes from inside to the surface of Berea core sample and flows downward. 
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Figure 4 History matching of experiment and numerical simulation result in laboratory scale, a) numerical simulation result of cumulative oil 
recovery from core sample (C2), and b). experimental drainage of foamy oil from core sample (C2) 
The oil recovery factor of the numerical simulation result on core sample C2 shows 31% which is matched with 
the experimental result (Table 1). The depressurizing duration and production time of numerical simulation and 
experiment are almost the same. 
4.2. Field scale 
The numerical simulation in field scale was constructed by scaling up from the laboratory. The dimensions of 
reservoir consist of effective radius R (m) and reservoir thickness H (m) with the block of 10x1x5 (Figure 5). The 
porosity and permeability of the typical Berea sandstone have been used as 22% and 500 mD, respectively.  
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Figure 5 Schematic reservoir configuration in field scale with CO
2
 dissolution zone 
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The fluid components in the reservoir are heavy oil, CO2 gas and water. The saturated pressure of CO2 gas, Psat = 
10 MPa, with temperature of 50 ºC was applied as the initial reservoir conditions. The minimum reservoir pressure 
after depressurization was assumed as 2.0 MPa. The study numerical simulation in field scale is carried out with 
sensitivity of initial oil condition from 0.7 to 0.3 and effective radius from 20 to 50 m with constant reservoir thickness 
of 5 m. 
4.3. Foamy oil production behavior 
Figure 6 shows the typical numerical simulation results of oil and gas production rates for reservoir that has R = 30 
m and initial oil, water, and gas saturation of 0.7, 0.2, and 0.1, respectively.  The oil production rate is the aggregate 
of three foamy oils generated during depressurization. On the other hand, the gas production rates consist of CO2 gas 
phase, CO2 gas separated from oil, and CO2 in foamy oil production. 
The production of CO2 gas reaches the maximum rate shortly after depressurization, but the heavy oil production 
reaches the maximum rate in one day late after depressurization. The result shows the gas productions of CO2 gas 
separated from oil and CO2 in foamy oil production is much smaller than that from the initial gas saturation. 
 
Production time (day) 
O
i
l
 
p
r
o
d
u
c
t
i
o
n
 
r
a
t
e
 
S
C
 
(
m
3
/
d
a
y
)
 
G
a
s
 
p
r
o
d
u
c
t
i
o
n
 
r
a
t
e
 
S
C
 
(
m
3
/
d
a
y
)
 
R = 30 m 
0 
20 
40 
60 
80 
100 
120 
0 2 4 6 8 10 12 14 
0 
10000 
20000 
30000 
40000 
50000 
60000 
Oil saturation = 0.7 
Gas saturation = 0.2 
Water saturation = 0.1 
Oil production rate 
CO
2
 gas phase prod. 
CO
2
 gas (separated) prod. 
CO
2
 in oil produced 
  
 
Figure 6 Typical behavior of heavy oil and CO
2
 gas production rate by CO
2
 gas foaming (R = 30 m) 
4.4. Sensitivity of initial oil saturation 
To evaluate the decreasing production of huff-and-puff process, the numerical simulations were carried out to study 
the sensitivity oil saturation in range of 0.7 – 0.3 as the initial reservoir condition. The gas saturation, reservoir and 
effective radius of initial reservoir condition for this study was kept constant as 0.2 and R = 20 m, respectively. 
The oil production rate decreases from 68.3 to 4.1 m
3
/day with decreasing oil saturation from 0.7 to 0.3. The 
decreasing of oil saturation represents the initial oil saturation of huff-and-puff process since the oil saturation at initial 
condition decreases from a cycle to the subsequent cycle. As a result of decreasing oil production rates, the oil recovery 
factor also decreases from 11.8 to 1.9%. Regarding this result, oil recovery factor for the subsequent cycle of huff-an-
puff process decreases almost linear with reducing initial oil saturation. 
4.5. Sensitivity of effective radius 
The foamy oil production by huff-and-puff process is effectively caused by dispersing bubbles which were 
generated by CO2 saturated solubility in radial direction of reservoir. Therefore, the heavy oil production depends on 
dissolution zone or effective zone. Increasing effective radius of reservoir means the increasing volume of effective 
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saturated zone for generating foamy oil. Four effective radiuses of reservoirs (R = 20, 30, 40, and 40 m) have been 
studied with the initial condition of oil, gas, and water saturation of 0.7, 0.2, and 0.1, respectively. 
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Figure 7 Cumulative oil production by different effective radiuses of CO
2
 gas dissolution zones 
The increasing of cumulative oil production is linear with increasing production time (Figure 7). The maximum oil 
production rate also increases from 68 to 135 m
3
/day with increasing effective radius of reservoirs from 20 to 50 m 
(Figure 7). Even when the oil production rate increases, the oil recovery factor keeps in the same level. The constant 
oil recovery factor shows the capacity of generating foamy oil in the effective radius of saturated zone. 
4.6. Distribution of CO2 solubility in reservoir 
The distribution of CO2 solubility in reservoir shows the ability to produce heavy oil production since foamy oil is 
generated by CO2 solubility. The various distance r makes the various distribution of pressure which causes to have 
different CO2 solubility distribution in the reservoir at the same time. The minimum pressure is at the bottom hole and 
this pressure increases with increasing distance.  
5. Conclusions 
The numerical simulation of heavy oil production by CO2 gas foaming was successfully carried out based on 
experimental physical properties and matching with oil recovery factor from core sample. The present results can be 
summarized as in the following: 
• The result of numerical simulation in laboratory scale was matched with oil recovery factor from core samples by 
CO2 gas foaming as 31%. 
• The effect of initial oil saturation shows the heavy oil production rate decreases from 68.3 to 4.1 m
3
/day with 
decreasing of initial oil saturation from 0.7 to 0.3 with CO2 dissolution radius of 20 m. 
• The heavy oil production by CO2 gas foaming depends on CO2 dissolution zone since foamy oil generated by 
dissolution oil. 
The numerical simulation of heavy oil production by CO2 gas foaming was controlled by initial oil saturation and 
CO2 dissolution zone. 
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